Although stroke is one of the leading causes of death and disability worldwide, preventive or therapeutic options are still limited. Therefore, a better understanding of the pathophysiological characteristics of this life-threatening disease is urgently needed. The incidence and prevalence of ischemic stroke are increased by exposure to certain types of xenobiotics, including heavy metals, suggesting the possible toxicological contribution of these compounds to the onset or aggravation of stroke. Among the potential targets, we have focused on alterations to cerebral endothelial cells (CECs), which play important roles in maintaining the functional integrity of brain tissue.
INTRODUCTION
Several environmental factors including heavy metals are reported to be associated to ischemic stroke, which is the leading cause of death and disability (1) . Although thousands of neuroprotective therapeutic drug candidates were developed, all of them failed during clinical trials raising the urgent need to understand the dynamics of pathophysiological alterations during ischemic stroke (2) . Recent studies suggest that each components of the integrated neurovascular unit plays key roles in ischemic damage. Here we will discuss the importance of alteration of blood brain barrier (BBB), which is essential in functional integrity of the brain and the possible contribution of BBB impairment to heavy metal-associated ischemic brain damage.
ISCHEMIC STROKE
Ischemic brain damage. The brain shows a high requirement of energy to maintain the heavy synaptic interactions in neuronal network, and almost 15% of the total cardiac output is used for cerebral blood flow (CBF). Since the brain is not capable to reserve energy supply, which is derived from oxygen and glucose in CBF, it is highly susceptible to interruption of blood flow in the brain, which is called stroke. Ischemic stroke is usually caused by blockade of blood circulation by an embolus or by in situ thrombus (3) , and it represents 87% of the total stroke (4) . During ischemic brain injury, the neuronal damage is immediately initiated at the site of ischemic core. According to the ischemic duration, the necrotic lesions of neuronal death expand. Even with a successful reperfusion within few minutes after ischemic onset, the neuronal death can occur after several days representing delayed neuronal death. The major cell types affected by ischemic insults are neurons, but also astrocytes and CECs can be also damaged by sustained duration of ischemia.
Molecular mechanisms of ischemic damage.
Ischemic insult in brain induces a complicated array of pathological mechanisms, i.e. ischemic cascade, which ultimately results in irreversible neuronal injury and brain infarction (5) . The most typical phenomenon of ischemic neuronal death is an excessive excitation (6, 7) . There are several types of ion channels to regulate the membrane potential for neuronal excitation, and ATP is critical to maintain the function of these ion channels. Upon ischemic insult, ATP depletion immediately results in depolarization of neuronal membrane and excessive influx of calcium and sodium into neuronal cytosol. Also, dysregulated release of neurotransmitters such as glutamate occurs by reversed operation of transporters, and the excessive activation of glutamate receptors further increase calcium influx into neuronal cytosol. Following calcium ion elevation, cytoskeletal degradation and enzymatic activation occurs, resulting in further activation of cell death pathways including mitochondrial perturbation (8) . Along with the exciting stimulation, radical generation and suicidal apoptotic pathways are also involved in neuronal cell death (9) .
NEUROVASCULAR UNIT AS AN INTEGRATED SYSTEM
Neurovascular unit. Traditional approach for stroke treatment has primarily focused on neuroprotection, preserving the neurons to lessen the cerebral brain damage following ischemic stroke. However, all of neuroprotective experimental drugs have failed during clinical trials, showing side effects or no efficacy (10) . To overcome the weakness and limitation of neuroprotectants, the idea regarding multi-functional protective drugs has been raised, based on the complicated integrated brain physiology. Especially, to understand the complexity of post-ischemic brain damage, the importance of 'neurovascular unit' has been revisited (Fig. 1) . The fundamental concept of neurovascular unit is that emphasizing the interaction in between cells themselves, and between cells and matrix for the tissue outcome in neurological disorders (9) . In this context, ischemic brain damage is not the matters of neurons alone but that of the complex of neurons, vascular cells and the supportive system such as astrocytes. Ischemic stroke is basically a vascular disorder affecting neuronal function (11) , and the alterations of local environment influence surrounding neurons, allowing them to survive or die.
Blood-brain barriers. The blood-brain barrier (BBB) is a theoretical functional concept that describes unique characteristics of intracranial blood vessels. BBB is a physical and metabolic barrier essential for the normal function and the stability of the central nervous system, limiting the paracelluar flux of hydrophilic molecules from systemic blood circulation (12) . The structural and biochemical features of BBB are maintained by the specific contribution of the CECs, pericytes and glial end-foot (Fig. 1 ). Among them, endothelial tight junctions (TJs) are the most important components of the BBB integrity, determining alterations in BBB vascular permeability. The TJs consist of a combination of trans-membrane proteins such as claudin, occludin, and junctional adhesion molecules, and cytosolic proteins like zonulaoccluden (ZO)-1, ZO-2 and ZO-3. The cytoplasmic proteins interact with transmembrane proteins in multi-protein complexes linked to the actin-cytoskeleton (13, 14) . Multiple cellular signaling pathways including calcium, cAMP, and phospholipase C are associated with TJ assembly and regulation of BBB permeability (15) . Under normal physiological conditions, the BBB is tightly regulated to be impermeable; however, a variety of mediators such as glutamate, endothelin-1, serotonin, and interleukin-beta, which increase BBB permeability, are released in pathological conditions (12) like ischemic stroke and traumatic brain injury (16) . While the physiological and structural properties of BBB have been studied over the past few decades, the disruption of BBB under pathological condition still remains largely unknown.
Fig. 1. Integrated neurovascular unit.
Role of vascular system in ischemic injury. Like neurons, the energy requirement of BBB is very high to maintain the dynamic transport system for its proper function (17) . Therefore the BBB is very susceptible to the ischemic damage even by a short period of ischemic insult. A number of studies using in vitro or in vivo models demonstrated that cerebral ischemia was associated with increased micro vascular permeability (18, 19) , and TJ proteins were affected by ischemic/hypoxic stimuli resulting in BBB breakdown (20) . Impairment of BBB during ischemic damage consequently results in infiltration of local inflammatory cells and post-ischemic edema and swelling (21) . The BBB opening is likely to be differently regulated during an early acute phase within several hours (22, 23) , and in extended period up to 4~5 weeks (24, 25) showing 'biphasic' pattern following ischemia (26) . Understanding of BBB permeability transition is becoming a critical point to prevent and treat ischemic stroke, and also evaluation of toxicological susceptibility of BBB may be important to predict aggravation of ischemic damage.
BBB IMPAIRMENT DURING ISCHEMIC STROKE
Mechanism of BBB impairment. The exact molecular pathways of BBB disruption has not been fully understood, however, the morphological BBB disruption is closely linked to the degradation/redistribution of TJ proteins and re-organization of cytoskeleton. The most important mediator for TJ alteration is the activation of matrix-metalloproteinase (MMPs) (27, 28) . MMP-2 and MMP-9 are the main factors inducing BBB disruption by degradation of TJ proteins and basal lamina proteins thereby leading to BBB leakage, although these two enzymes have their unique function in terms of the activation time frame, specific substrates, and the representative contribution to the BBB opening (28) . It is well established that the activation level of MMPs are correlated to the infarction volume, stroke severity, and the functional outcome (29) . Beside the role of MMPs, the ischemic damage on TJ proteins was also observed by protein expression and re-localization (13, 30) . Caveolin-1 is found to regulate expression of TJ proteins (31) , and redistribute TJ proteins from outer membrane to cytosol (32) . Mediators released to neurovascular unit during ischemic periods also involve in the regulation of TJ proteins as found in ZO-1 expression by VEGF (33) and TJ protein change by glutamate (34) . Other factors with the onset of ischemia also participate in cerebral EC impairment, contributing to BBB opening. Depletion of ATP, imbalance of ionic homeostasis including calcium, loss of metabolic function with increased acidosis, oxidative/ nitro- sative stress signaling and the associated intracellular signaling such as phosphorylation of TJ accessory proteins can subsequently result in BBB disruption (16, 26, 35, 36) . Suggested mechanisms underlying ischemic damage in neurovascular units were summarized in Fig. 2 .
Implication of BBB disruption in ischemic damage.
Along with the concept of ischemic BBB disruption, the importance of this phenomenon has recently revisited. The most direct effect of BBB opening is increased paracelluar permeability and resultant vasogenic edema, contributing to increased mortality (37, 38) . Besides the edema, early disruption of BBB is suggested as an important risk factor for hemorrhagic damage associated with tPA therapy (39) , which is currently the only approved treatment option for acute ischemic stroke (2) . Another interesting finding is that alteration of BBB permeability is not spatially limited to the peri-lesional tissue which is around ischemic core, but also expanded to remote functionally connected brain areas (40) . Since focal ischemia leads to changes in the overall CBF, the brain metabolism and excitability in remote area can also be affected, ultimately leading to metabolic failure and inflammatory responses (6, 41) . Consistently, disruption of BBB during brain damage including ischemia is reported to contribute to development of epilepsy (42, 43) , i.e. epileptogenesis. Based on these observations, maintaining of BBB integrity is currently suggested to be critical in clinical functional outcome following ischemic damage.
ROLE OF BBB IN HEAVY METAL-ASSOCIATED ISCHEMIC BRAIN INJURY
Heavy metal-associated ischemic stroke. Traditional risk factors for cardiovascular diseases (CVD), such as diabetes, hypertension, and the advanced age are associated to stroke (1) . Beside these CVD risk factors, several environmental factors for stroke are identified, including high risk behavior such as smoking, high fat diet and poor-nutrition (44) . Notably, exposure to certain environmental factors has been suggested to be an emerging risk factor for stroke, and a recent paper reported a significant association of air pollution and stroke risk (45) . Accumulating evidences indicate that exposure to toxicological heavy metals such as lead, cadmium, mercury, and arsenic is linked to the cardiovascular risk as well as stroke. Epidemiological cohort studies demonstrated that the incidence of stroke showed significant association with higher lead levels (46) (47) (48) . These observations are further supported by other studies reporting lead exposure as one of the contributing factors to the incidence of CVDs including stroke (49) (50) (51) (52) . There was an interesting study on blood or urinary cadmium level was correlated with prevalence of stroke, which was found to be increased by 35% and 9% when 50% of cadmium concentration was increased in blood and urine, respectively (53) .
In terms of mercury, it is known that occupational exposure to mercury is associated to 1.17 fold increased risk of stroke (54) . Consumption of inorganic arsenic through drinking water is also found to be related with increased prevalence of cerebral infarction (55, 56) . The mechanism of heavy metal-associated CVD risk has been intensively studied. Disturbed cardiovascular homeostasis such as increased thrombosis, higher blood tension, and impaired fibrinolysis can potentially contribute to the onset of ischemic stroke. Nevertheless, the effect of heavy metals on BBB integrity, which is a critical factor determining the outcome of ischemic damage, should be also noted to understand heavy-metal associated ischemic stroke.
BBB injury by heavy metals. Since BBB permeability plays a crucial role in determination of the extent of ischemic brain damage, factors that modify the susceptibility of BBB integrity can alter the overall outcome of ischemic stroke. Hyperglycemia significantly worsened BBB breakdown during ischemic condition, contributing to the aggravation of the consequences of stroke (57), and exogenous excitatory amino acid neurotransmitters disrupted BBB integrity during focal cerebral ischemia (58) . Although the studies investigating the effect of heavy metals on BBB integrity are limited, several reports have given insights for heavy metalinduced BBB disruption (59) . Acute lead poisoning results in brain swelling with micro vascular damage with TJ opening (60, 61) , suggesting that BBB is one of the main targets of lead-associated toxicity. Notably, lead showed a higher affinity to CECs, so that it accumulated in higher concentration in CECs than in other brain cells (62) , and irreversibly potentiated cytokine-and glutamate-mediated decrease in BBB resistance (63) . In vivo exposure to cadmium in drinking water increased the BBB permeability and the concentration of malondialdehyde in brain micro vessels in rats, whereas the activities of anti-oxidant enzymes were significantly decreased (64) , suggesting that BBB may be an important target for cadmium toxicity. In CECs, cadmium induced activation of apoptotic signaling (65) , and stimulated adhesion molecule expression which is an indicator for BBB injury (66) . The CNS damage following mercuryexposure has been largely focused on BBB transport of methyl-mercury (MeHg). While MeHg easily crosses BBB due to its high lipophilicity (67) , resulting in encephalopathy, inorganic mercury has been considered less neurotoxic, but BBB breakdown was induced by inorganic mercury (68) . Chronic arsenic exposure is also associated with the increased prevalence of micro vascular diseases including neurological diseases (69) . Alteration of vascular permeability of arsenic was reported in arsenic-exposed rats (70) . Previous observations regarding heavy metal-induced alteration of permeability, especially in BBB, were listed in Table 1 . Moreover, recent studies demonstrated that TJ proteins such as ZO-1, 2, 3, occluding and claudins in kidney (71) or in blood-testes barrier (72) were impaired by heavy metal exposure, explaining TJ protein damage as a key factor of heavy metal toxicity. These findings may give a clue for the dysregulation of TJ proteins by heavy metals in BBB permeability.
DISCUSSION
There is increasing evidence that BBB permeability may be an important mediator for brain damage determining the clinical outcome following ischemic stroke, such as edema, inflammation, and epileptogenesis. The loss of BBB integrity is becoming a critical factor that must be considered for accurate evaluation of ischemic stroke. Although the processes governing BBB TJ permeability during ischemic damage are not simple, BBB alteration by heavy metal exposure needs to be further re-visited to understand the mechanism of heavy metal-associated ischemic stroke. 
